Abstract: Diffractive waveplates and equivalent metasurfaces provide a promising path for applications in thin film beam steering, tunable lenses, and polarization filters. However, fixed metasurfaces alone are unable to be tuned electronically. By combining metasurfaces with tunable liquid crystals, we experimentally demonstrate a single layer device capable of electrically switching a diffractive waveplate design at a measured peak diffraction efficiency of 35%, and a minimum switching voltage of 10V. Furthermore, the nano-scale metasurface aligned liquid crystals are largely independent of variations in wavelength and temperature. We also present a computational analysis of the efficiency limits of liquid crystal based diffractive waveplates, and compare this analysis to experimental measurements.
Introduction
Diffractive waveplates (DW) offer extremely high diffraction efficiencies by utilizing a liquid crystal layer only microns thick [1] . Furthermore, under the correct configuration, full electronic tunability may also be accomplished to allow for optoelectronic, thin film beam steering, tunable lenses, beam shaping, and polarization filters [1] [2] [3] [4] [5] [6] [7] . The potential impact of diffractive waveplates can revolutionize electro-optical applications that require low size, weight, and power. Various diffractive waveplate designs have been previously demonstrated such as the cycloidal diffractive waveplate (CDW), also known as the Pancharatnam phase device, which can be used for beam steering and polarization sensing [1] . Axial wave plates (AWP) have been developed to control beam shapes and generate highly ordered "doughnut" beams for applications in imaging, spectral filtering, and optical tweezers [5, 8] . Recently all dielectric metasurfaces have also been demonstrated as highly efficiency flat lenses and polarization filters, however, these devices remain fixed and are unable to be tuned electronically [9] [10] [11] . We note the operating principal behind the dielectric metasurfaces and DWs are similar in that they both rely on subwavelength polarization rotations via half-wave plates [10] . The aim of this work is to study electrically tunable metasurface designs using liquid crystals as the enabling material.
Current fabrication methods for DWs typically employ interference lithography to generate periodic polarization patterns on photoalignment surfaces [1] . These surfaces are used to align layer for birefringent liquid crystal layers up to a thickness equal to the half wave condition. Despite the ability to pattern large areas using interference lithography on photoalignment layers, two main hurdles remain: 1) inability to pattern arbitrary patterns, and 2) limited reliability across all wavelengths and under long exposure times. The first issue is inherent to the periodic nature of interference lithography. Direct write optical methods based on mechanically raster-scanning polarized light do allow for arbitrary patterns on photoalignment layers, but reliability issues remain [8] . The second issue is due to the fundamental nature of photoalignment surfaces, where high energy light, prolonged exposure to broadband light (e.g., sunlight), or high temperatures can spoil the patterned surface. Arbitrary patterning of DW can be useful when combining variably pitched patterns, integrating with electrodes, or creating more complex designs.
In this paper we describe a method that employs electron-beam patterned etched surfaces to create complex DW metasurface designs using switchable liquid crystals. The etched surfaces create a wavelength and temperature robust alignment surface for the liquid crystals and also enable arbitrary patterns. Here we present the theory, performance limits, fabrication, and characterization of a robust etched CDW device.
Theory
The CDW is composed of a nematic liquid crystal layer in which the azimuth of the director n rotates monotonically along the in-plane x-direction with a period a, as shown in Fig. 1(a) . The orientation of the liquid crystal extends throughout the thickness of the liquid crystal cell, t, as shown in Fig. 1(b) . The ideal thickness, t, for a CDW is defined by the half-wave condition in Eq. (1)
where t is the thickness of the liquid crystal cell, λ is the wavelength, and Δn is the index contrast of the birefringent liquid crystal. When non-polarized light is incident along the zaxis of the CDW, the transmitted light is diffracted into only the M +1 and M -1 modes. The zeroth order M 0 mode is eliminated due to destructive interference. If the incident light is circularly polarized, only one of the diffracted modes will transmit, as shown in Fig. 1(c) .
More precise mathematical descriptions of the physical behavior behind CDWs have been published previously [12] [13] [14] . In a real system, reflections due to glass surfaces should also be taken into account. Anti-reflection layers can be used to mitigate these effects. In order to understand the performance limits of a CDW, we define efficiency metrics to analyze both the diffraction efficiency and polarization efficiency. In a non-ideal CDW cell, the M 0 mode intensity is not completely suppressed, and contains a measurable value, as shown in Fig. 2 (a) . The metric for the diffraction efficiency (DE) is defined in the equation shown in Fig. 2(b) , where an ideal CDW possesses a DE = 1. In this expression it is assumed that the diffraction into the M +1 and M -1 modes is the same, and DE is a measure of the effectiveness of the CDW to suppress M 0 . The second metric is defined as the polarization efficiency (PE). In a non-ideal CDW, when a circularly polarized input is incident on the CDW, the transmitted non-desired M +1 and M 0 mode may still contain a measurable value, as shown in Fig. 2(c) . The metric definition for PE is shown in Fig. 2(d) , where the ideal CDW possess a PE = 1. The expression in 2(d) neglects any transmitted power in M 0 in order to isolate the polarization filtering efficiency. One of the key questions for diffractive waveplates in general is: what is the maximum diffraction angle achievable for a given target efficiency? Understanding this limit will help set the spatial-frequency requirements of more advanced and arbitrary designs. The ideal operation of the CDW is an infinitely thin half-wave plate, where the polarization of the incident light is instantaneously rotated at the CDW interface. With such an ideal device, extremely large diffraction angles could be achieved theoretically. Unfortunately, in real devices the liquid crystal thickness is defined by the half-wave condition of Eq. (1). Intuitively, when diffracted light propagates through the finite-thickness LC cell at large angles, the light traverses through the off-axis CDW index profile accruing non-ideal phase. As a result, the non-ideal phase accumulation prevents ideal deconstructive interference of the M 0 mode. A previous report has theoretically demonstrated large diffraction angles by utilizing a dual layer double twist CDW device, although experimentally creating such a device remains a challenge [15, 16] .
Based on Eq. (1), the best method to reduce the liquid crystal cell thickness is to increase the Δn of the liquid crystal. However, in practice the range of options is quite limited. Typical liquid crystals, such as 5CB, possess a Δn ≈0.15 in the visible spectrum, while more exotic liquid crystals possess a Δn ≈0.25 at most.
In order to quantitatively demonstrate this effect, we use finite-difference time-domain (FDTD) simulations. The FDTD simulation included only the liquid crystal cell with no glass enclosure. The liquid crystal itself was modeled with a wavelength independent index contrast Δn. The etched ITO structure was not included in the simulations, as our goal was to simulate the CDW under the most ideal conditions. Periodic Bloch boundary conditions were used. The contour map in Fig. 3(a) shows the simulated DE for various Δn and diffraction angles at a wavelength of 405 nm. The diffraction angle is determined by the period of the CDW pattern. For example, with a Δn = 0.15 and a DE = 0.9, the maximum M +1 diffraction angle is 17°. From the simulation we see that higher diffraction angles for a given Δn can be achieved but at the expense of efficiency. We can also confirm our previous conclusion that the maximum diffraction angle improves with increasing Δn, due to the reduced thickness of the LC cell. The efficiency for a given Δn decreases with increasing wavelength, as seen in Fig. 3(b) , where the DE simulation was repeated at a wavelength of 600 nm. For example, at Δn = 0.15, the diffraction angle at DE = 0.9 decreases from 17° to 13° when increasing the wavelength from 405 nm to 600 nm. The results from these simulations define the spatialfrequency limit of advanced liquid crystal diffractive waveplates.
The PE analysis of the CDW was also performed via FDTD simulation, but yielded no dependency on diffraction angle or Δn. This result implies that the off-axis propagation of diffracted light through a finite thickness liquid crystal cell only contributes to the M 0 mode, and does not contribute to the oppositely diffracted mode. 
Experimental results
The fabrication process flow in Fig. 4 shows the indium tin oxide (ITO) etched CDW chip fabricated at MIT Lincoln Laboratory. The 400-nm-thick ITO is deposited on a BK-7 glass substrate via sputtering, followed by a deposition of a dual-layer PMMA resist step. After patterning of the PMMA with a 100kV Vistec scanning electron beam lithography system, 80 nm of nickel is electron-beam evaporated and lifted off to create a hardmask for reactive ion etching (RIE) of the ITO. The RIE of ITO is performed in an inductively coupled plasma etcher, with a chlorine chemistry which has a high selectivity with respect to nickel [17] . Following the RIE of ITO, the nickel hardmask is chemically stripped in Transene nickel etchant. The full liquid crystal cell is formed by attaching a second ITO-on-glass substrate separated by a photolithographically defined photoresist spacer layer. AZ1512 cross-linkable photoresist is used as the spacer layer in order to precisely define the liquid crystal cell thickness and bring it as close as possible to the half-wave condition for a 405 nm wavelength laser (~1.2 μm). The photoresist was then hardbaked for 15 minutes at 125°C. The liquid crystals used in these experiments were either 5CB from Sigma-Aldrich or 6CHBT from Beam Co. The 6CHBT liquid crystal has a Δn = 0.17 at a wavelength of 633 nm. The liquid crystal was pipetted onto the etched glass disc before the second top glass disc was applied. The geometry of the patterns consists of segmented ridges of ITO, which approximate the shape of a cycloid and are intended to guide the alignment of the liquid crystal molecules. The pixels of this arrangement consist of at least one segment and one adjacent space, while the pitch is defined as the period of the near-cycloid pattern, as shown in Fig. 5(a) . The patterning results in device areas of 500 μm × 500 μm, with each area having one pixel size and one period. In order to explore the dependence of optical performance on pixel size and pitch, we fabricate nine combinations of these two parameters, as listed in Fig. 5(a) below. SEM images of the two extreme parameters are shown in Figs. 5(b) and 5(c). All 9 device parameters were fabricated simultaneously on a single substrate. The actual dimensions of the fabricated ridges are smaller than the layout design due to over-etching; this can be especially seen in the 150 nm pixel width shown in Fig. 5(b) . The optical setup in Fig. 6 was constructed to measure the optical transmission performance of the fabricated CDW liquid crystal cells. A 405 nm wavelength diode laser with a linearly polarized 5 mW output is used as the optical source. A quarter-wave plate designed for 405 nm wavelength is used to circularly polarize the incident beam. When no circular polarization is required, the quarter-wave plate is removed. A telescopic lens system is used to reduce the beam spot size by a factor of 10, accomplished by the ratio of the two focal lengths F 1 /F 2 . A pin hole with a diameter of 200 µm is located at a distance F 1 away from Lens 1 is used to remove any stray light. The purpose of reducing the beam spot size is to prevent clipping of the input light around the 500 µm × 500 µm e-beam patterned CDW areas. A standard CMOS camera is used to measure the transmitted beam spot profile. The CDW is connected to an AC voltage source with a 1 kHz sinusoidal waveform. Examples of the measured diffraction results are presented in Fig. 7 , where in the "off" state (0 V) the CDW pattern is formed by the guidance of the etched ITO ridges, and thus the non-diffracted M 0 mode is low while the diffracted M 1 is high. In these experiments the input light is not circularly polarized. In the ideal configuration, the "off" state M 0 has zero transmission, but in our experiments it is measurable. This is attributed to two separate causes: (i) the half-wave condition of the cell thickness is not rigorously satisfied, and (ii) the liquid crystal forms a cycloid only through a fraction of the cell thickness, i.e., in the 250-nmdeep gaps between the ITO ridges, as compared to the ~1 μm thickness of the cell. When 10 V is applied to the cell, the CDW pattern is spoiled and the M 0 mode is high while the M 1 is low. In the specific case shown in Fig. 7 , the M 0 is increased fourfold and M 1 is decreased fourfold. Thus, in semi-quantitative terms the device behaves as expected for a CDW switchable device. The measured efficiencies are shown in Fig. 8 for both DE and PE, at multiple pixel widths and diffraction angles, the latter being defined by the cycloid period. From Fig. 8 , the overall DE improves by a factor of up to ~3 with smaller diffraction angles (larger periods), but the diffraction angle has a proportionately smaller effect of ~15% on the PE. These observations are consistent with the liquid crystal diffraction efficiency limit trends discussed above and quantified via FDTD simulations, as summarized in Fig. 3 . The green curve in Fig.  8 shows the optical performance of the device with no liquid crystal. Due to the index contrast between ITO and the glass substrate, this device is structurally similar to previously demonstrated metasurface designs, however the ITO ridge dimensions were not optimized for an all-dielectric metasurface design and hence the low DE is observed [9] [10] [11] . However, the PE for the non-liquid crystal device was similar to the LC device.
The degradation in efficiency of the liquid crystal devices as a function of period is significantly worse than the simulations predicted (black line). In other words, the slope of the simulations (black lines) in Fig. 8 is less steep than the slope of the experimental lines (blue, red, and magenta lines). However, the devices with no liquid crystal (green line) had a slope similar to the FDTD simulations (black line), pointing to the conclusion that the liquid crystal itself is causing the discrepancy. This observation is most likely due to the increased difficulty of maintaining the CDW orientation through the thickness of the cell for smaller periods. The elastic constant of the liquid crystal as well as the anchoring energy of the surface are not taken into account in the FDTD simulation and explain why further degradation is not observed. The experimentally observed effect of diffraction angle on PE is likely due to diffractive effects of the ITO nano-ridges as evidenced by the device with no liquid crystal (green line). Overall, the best experimentally measured DE was 35%, which is significantly lower than the FDTD simulated optimum. On the other hand, the pixel size had a negligible effect on the efficiencies, and any variation between devices with different pixels is within the noise of the measurement. The minimal effect of pixel size, even when the pixel geometry is only a crude approximation of an ideal cycloid, can simplify the required performance of the lithography and fabrication. The devices with periods of 900 nm (26.7°) were also tested but showed no CDW effects and yielded DE = 0 and PE = 0.5.
The overall low efficiencies measured in the fabricated devices can be attributed to the non-ideal assembly process. Primarily, only a single side of the CDW liquid crystal cell contained the etched aligned surface, while the opposing side consisted of unpatterned ITO on a glass substrate. The liquid crystal in contact with the flat surface had no pattern on which to align, and thus the CDW alignment cannot propagate through the entire cell. Furthermore, the flat side was not truly flat as it was composed of an ITO layer, which has a surface roughness about 50 nm in amplitude, measured via an atomic force microscope, which further adds to the misalignment of the liquid crystal. Secondly, although the SU-8 photoresist was used to create the gap spacing, the actual gap can vary quite a bit due to the changing thickness of the SU-8 itself caused by evaporation and liquid crystal diffusion. Additionally, the liquid crystal itself can flow over the SU-8 spacer, further altering the actual gap. Polarized microscope images also revealed significant domain defect lines inside the liquid crystal region, which lead to a slightly opaque appearance of the liquid crystal. Ideally, no defect lines should be present and a clear appearance should be observed [18] . We fully expect that utilizing a more robust liquid crystal cell assembly process and incorporating a dual-sided alignment will significantly increase the overall DE and PE metrics. 
Conclusion
We successfully demonstrate a fabricated CDW cell using e-beam patterned etched metasurfaces. We demonstrate a peak DE of 35% and a minimum switching voltage of 10 V. We attribute the low efficiencies due to poor assembly process, which can be improved with proper liquid crystal fabrication tools. We also show the simulated theoretical peak efficiencies given an ideal liquid crystal CDW system. Both measurement and simulation show the heavy dependence between increasing DE and decreasing diffraction angle. Unfortunately, the efficiency limit is a fundamental issue with liquid crystal based diffractive waveplates and the index contrast Δn of the liquid crystal. Barring significant improvement in the Δn of a liquid crystal, most diffractive waveplates with high efficiencies are limited to small angles, which sets a limit on the spatial-frequency of advanced diffractive waveplate designs. We note, however, that optical devices that do not rely on the half-wave condition may still benefit from advanced liquid crystal patterns achievable via the flexibility afforded by e-beam patterning, such as alternative tunable metamaterial devices [19] . Use of this work other than as specifically authorized by the U.S. Government may violate any copyrights that exist in this work.
